, 0.7% Tm 3+ nanocrystals were synthesized through a coprecipitation method with analytical reagents and annealed under an Ar atmosphere at 700°C for 1 h. Powder x-ray-diffraction analysis revealed that the sample was orthorhombic phase. Morphological analysis with field-emission scanning electron microscopy showed that the annealed sample was agglomerate particles. Under 980 nm excitation, the sample emitted UV light, and the UC emission spectra were recorded with a fluorescence spectrophotometer (Hitachi F-4500). The temporal evolution of UV emissions was investigated at the onset of a 980 nm pulsed laser from an optical parametric oscillator (OPO) pumped by a 10 ns pulsed Nd:YAG laser. The signal was recorded by using a monochromator and an oscillograph. All measurements were performed at room temperature.
ions can be efficiently populated by energy transfer processes of Yb→ Tm→ Gd and Yb→ Gd. A six-photon upconversion process was confirmed by the dependence of 252.8 nm emission intensity on the pumping power. The upconversion mechanism in the six-photon process was discussed based on excited state absorption of Gd 3+ ions, cross relaxation energy transfer between two excited Gd 3+ ions, and energy transfer between Gd 3+ and Yb 3+ 3+ , 0.7% Tm 3+ nanocrystals were synthesized through a coprecipitation method with analytical reagents and annealed under an Ar atmosphere at 700°C for 1 h. Powder x-ray-diffraction analysis revealed that the sample was orthorhombic phase. Morphological analysis with field-emission scanning electron microscopy showed that the annealed sample was agglomerate particles. Under 980 nm excitation, the sample emitted UV light, and the UC emission spectra were recorded with a fluorescence spectrophotometer (Hitachi F-4500). The temporal evolution of UV emissions was investigated at the onset of a 980 nm pulsed laser from an optical parametric oscillator (OPO) pumped by a 10 ns pulsed Nd:YAG laser. The signal was recorded by using a monochromator and an oscillograph. All measurements were performed at room temperature.
At 980 nm excitation of ϳ400 mW, the annealed sample emitted intense UV UC fluorescence. Figure  1 6 D J levels, viz., excited state absorption (ESA), cross relaxation resonant energy transfer (CRET), and ET. For the ESA mechanism of 6 P J + h ⇒ 6 D J , the 980 nm ͑ϳ10200 cm −1 ͒ photon offers excess energy and will release a high energy phonon ͑ϳ1700-3700 cm −1 ͒ or several low energy phonons. Therefore, it will occur with a very low probability. For the CRET of 6 I J → 6 P J ͑Tm 3+ ͒: Fig. 2 , the energy matching is good, however, this process not only requires sufficient 6 I J population but also should show a tenphoton UC process. The excitation power dependence of 6 D J fluorescence intensity did not support such a ten-photon UC process as discussed below. Therefore, the CRET cannot be the main mechanism in populating the 6 ions. However, the large mismatch ͑ജ1700 cm −1 ͒ of energy makes it occur with a low probability, which results in a low 6 D J population and weak emissions from 6 D J levels.
The temporal evolution of Gd 3+ fluorescence in the nanocrystal was studied and the decay curve for the representative emission ͑311.6 nm͒ from 6 P 7/2 was recorded as shown in Fig. 3 . This decay curve can be fitted well into an exponential function as I = I 0 exp͑−t / ͒. According to the best-fitted result in Fig. 3, ͑Ϸ950 s͒ is the lifetime of 6 P 7/2 levels. The 6 P 7/2 level has a long enough lifetime to accept the migrated energy from Yb 3+ or Tm 3+ and populate the upper 6 D J levels. To understand the UC processes well, we investigated the excitation power dependence of UC fluorescence intensity. For an unsaturated UC process, the number of photons that is necessary to populate the upper emitting state can be obtained by the following relation: I f ϰ P n , where I f is the fluorescence intensity, P is the pumping power of the IR laser, and n is the number of laser photons required [13] . Figure 4 shows the typical double-logarithmic plots of I f versus P. The fluorescence intensity for each spectral peak was represented by the integrated area between the corresponding spectral profile and the baseline.
The n value was easily obtained from the slope of the linear fit. As illustrated in Fig. 4 , n values obtained for 276.8, 279.0, 291.4, 306.0, and 311.6 nm emissions were all around 5, indicating five-photon processes. For the emission peaked at 252.8 nm, the n value was 6.13± 0.38, indicating that populating the 6 D 9/2 level needed six 980 nm photons and was a sixphoton UC process. Figure 5 is the excitation power dependence of UC emission spectra of the sample. As we can see, when the excitation power increased from 100 to 450 mW, the 252.8 nm emission of Gd 3+ ions appeared and gradually got stronger. At the same time, the 276.8 nm emission predominated over the 279.0 nm emission. In general, the populations on two nearby levels followed Boltzmann's distribution law, therefore the strange and interesting spectral profile should mean that more than one level of 6 I J multiplets have been included in the 276.8 nm emission. The energy difference between 276.8 and 279.0 nm emissions is only ϳ284 cm −1 . The thermal transition between 6 I J multiplets should be the main reason in producing the interesting spectral profile. The inset in Fig. 5 shows the integrated emission intensity ratio of 276.8-279.0 nm (the upper curve). Clearly, the ratio becomes larger with the increase of excitation power because the temperature of the sample is increased with the increasing excitation power. The lower curve in the inset is the total integrated intensity of Gd 3+ emissions to the total integrated intensity of Tm 3+ 6 D J came from a six-photon process. The mechanism of the six-photon UC process was discussed based on ESA, CRET, and ET processes. . The upper curve in the inset is the integrated intensity ratio of 276.8-279.0 nm emissions, and the lower curve is the integrated intensity ratio of all emissions from Gd 3+ to those from the 1 I 6 of Tm 3+ .
